The structural organization of chromosomes is essential for their correct function and dynamics during the cell cycle. The assembly of DNA into chromatin provides the substrate for topoisomerases and condensins, which introduce the different levels of superhelical torsion required for DNA metabolism. In particular, Top2 and condensin are directly involved in both the resolution of precatenanes that form during replication and the formation of the intramolecular loop that detects tension at the centromeric chromatin during chromosome biorientation. Here we show that histone depletion activates the spindle assembly checkpoint (SAC) and impairs sister chromatid decatenation, leading to chromosome mis-segregation and lethality in the absence of the SAC. We demonstrate that histone depletion impairs chromosome biorientation and activates the Auroradependent pathway, which detects tension problems at the kinetochore. Interestingly, SAC activation is suppressed by the absence of Top2 and Smc2, an essential component of condensin. Indeed, smc2-8 suppresses catenanes accumulation, mitotic arrest and growth defects induced by histone depletion at semi-permissive temperature. Remarkably, SAC activation by histone depletion is associated with condensin-mediated alterations of the centromeric chromatin. Therefore, our results reveal the importance of a precise interplay between histone supply and condensin/Top2 for pericentric chromatin structure, precatenanes resolution and centromere biorientation.
INTRODUCTION
The assembly of DNA into nucleosomes provides the first level of chromosome organization and the substrate for a plethora of enzymatic and structural factors that build chromosomes. Nucleosomes, topoisomerase II (Top2 in yeast) and condensin are the main determinants of the level of DNA supercoiling and chromosome compaction. Not surprisingly, they play essential roles in DNA metabolic processes, which involve the continuous accumulation and release of torsional stress.
Chromosome packaging starts with the assembly of newly replicated DNA into chromatin during S phase. The nucleosome--the repetitive unit of chromatin--is formed by ∼146 base pairs of DNA wrapped 1.65 times around an octamer of histones. This octamer is formed by a core (H3/H4) 2 tetramer to which an H2A/H2B dimer binds on each side (1) . In a highly regulated process, histone chaperones and chromatin assembly factors interact physically and genetically with components of the replisome to ensure a rapid and correct supply of histones at the replication fork (2) . Nucleosome assembly introduces an accumulation of DNA supercoiling that is further modulated by the activities of DNA topoisomerases and condensins, which play fundamental roles in the structural and functional organization of chromosomes. In particular, Top2 can untangle catenated molecules and resolve both positive and negative supercoils. Condensins are multisubunit complexes formed by two 'structural maintenance of chromosomes' (SMCs, Smc2 and Smc4 in yeast) ATPases and three non-SMC subunits, which form a V-shaped structure able to trap DNA and introduce positive superhelical tension. Top2 and condensin are essential for proper chromosome condensation and segregation and play important roles in processes such as transcription, recombination and DNA repair (3, 4) . Top2 and condensin are also essential for resolving the precatenanes that result from the advance of the replication forks (5) (6) (7) (8) . Finally, they provide the tensile properties of the centromeric chromatin, which are essential for the activation of the spindle assembly checkpoint (SAC) in response to problems in the attachment of the microtubules to the kinetochores (9) (10) (11) (12) (13) (14) .
Chromatin is directly involved in the response to DNA damage and chromosome segregation. Specifically, subtle changes in chromatin structure caused by a deficit or an excess in the pool of available histones have deleterious consequences on genome integrity (15) (16) (17) (18) . In the case of histone depletion, yeast mutants display replication fork instability and accumulation of recombinogenic DNA damage, phenotypes that are reminiscent to those displayed by chromatin assembly mutants lacking either the histone chaperone Asf1 or the chromatin assembly factors Cac1 and Rtt106 (17) (18) (19) (20) . In addition, cells expressing different mutants of histone H4 or lacking Cac1 and the histone chaperone Hir1 display defects in the centromeric chromatin and the kinetochores that are associated with increased rates of chromosome mis-segregation and the activation of the SAC (21) (22) (23) . Not surprisingly, nucleosome depletion by histone loss causes a G2/M arrest (18, 24) . Here we show that, unexpectedly, the DNA damage checkpoint does not contribute to this arrest; instead, histone depletion activates the SAC. We show that histone depletion affects chromosome biorientation and activates the Aurora-dependent branch of the SAC, which detects problems of tension at the kinetochore (25, 26) . We also show that histone depletion impairs sister chromatid decatenation, leading to chromosome mis-segregation and cell lethality in SAC-defective cells. Importantly, histone depletion-mediated SAC activation is associated with condensin-mediated alterations of the centromeric chromatin, and accordingly, it is suppressed by the absence of Smc2 and Top2; likewise, catenanes accumulation is suppressed by the absence of Smc2. Altogether, our results suggest that histone deposition and condensin/Top2 cooperate to assemble a structural and functional chromatin structure at the centromeric region.
MATERIALS AND METHODS

Yeast strains and plasmids
Yeast strains used in this study are listed in Supplementary  Table S1 . Tagged strains and deletion mutants were constructed by a polymerase chain reaction (PCR)-based strategy (27) . chr-G::HHF1 strains were constructed by replacing in a hhf2Δ strain the HHF1 promoter with a PCR fragment containing the GAL1 promoter and the URA3 marker from pARSGLB-IN (28) . G::HHF2 and M::HHF2 strains were constructed by replacing plasmid p413TARtetH4 with plasmid pUK421 (G::HHF2) or p416MetH4 (M::HHF2). p413TARtetH4 (18) , pUK421 (24) and p416MetH4 are HIS3-, TRP1-and URA3-based centromeric plasmids expressing histone H4 from tet, GAL1 and MET25 promoter, respectively. p416MetH4 was constructed in two steps: first, a BamHI-XhoI PCR fragment containing the ORF of HHF2 was inserted at the XbaI (made blunt)-XhoI site of p426Met25 (29) ; then, the generated PvuII fragment containing the MET25p::HHF2::CYC1t construct was inserted at PvuII of pRS416. pWJ1344 (R. Rothstein, Columbia University) and p314R52YFP are LEU2-and TRP1-based centromeric plasmids expressing RAD52-YFP. p314R52YFP was constructed by inserting a SacIXhoI fragment from pWJ1213 containing the construct RAD52-YFP at the SacI-XhoI site of pRS314. pRS416 (30) and YCp50 (31) are URA3-based centromeric plasmids; YCpPDED1T2 is a URA3-based centromeric plasmid expressing Top2 from the DED1 promoter (32) .
Growth conditions
Yeast cells were grown at 30
• C--unless otherwise stated--in supplemented minimal medium (SMM), except for the analyses of Mad2-GFP in Figure 2B and Brn1-Pk 9 in Figures 4D, 5A and 5B, which required nocodazole (NCD) treatment and were performed in YPD-rich medium. For G1 synchronization, cells were grown to mid-log-phase and ␣-factor was added twice at 60-min intervals at either 2 (BAR1 strains) or 0.5 g/ml (bar1Δ strains), except for t::HHF2/G::HHF2/M::HHF2 strains, which were treated at 90 (t::HHF2 and G::HHF2) or 120 (M::HHF2) min intervals at either 5 (BAR1) or 1 g/ml (bar1Δ). Cells were then washed three times and released into fresh medium with 50 g/ml pronase. To induce histone depletion, t::HHF2 cells growing in the presence of 5 g/ml doxycycline were shifted to 0.25 g/ml during G1 synchronization and release; G::HHF2 cells growing in the presence of 2% galactose were shifted to 2% glucose during the second incubation with ␣-factor and after release, except for Figure 6D where they were shifted to 0.05% galactose; chr-G::HHF1 cells growing in the presence of 2% galactose were shifted to 2% glucose after ␣-factor release; M::HHF2 cells growing in the absence of methionine were shifted to medium with 100 M methionine during G1 synchronization and release. To induce Top2 degradation during G1 synchronization in top2 dg strains, mid-log phase cells growing at 26
• C in SMM with 2% raffinose were shifted to 2% raffinose with ␣-factor for 2 h at 26
• C, then shifted to 1.5% raffinose/2% galactose with 50 ng/ml doxycycline and ␣-factor for 1 h at 26
• C, and finally shifted to 1.5% raffinose/2% galactose with 50 ng/ml doxycycline and ␣-factor for 1 h at 37
• C. Cell growth analyses were performed by plating 10-fold serial dilutions from the same number of mid-log phase cells in SMM plates containing 0.25 g/ml doxycycline.
Flow cytometry
DNA content analysis was performed by Flow cytometry as reported previously (18) . Each cell cycle progression analysis by Flow cytometry was repeated two to three times with similar results.
Immunofluorescence analysis
Immunolocalization of the spindles was performed by immunofluorescence using antibodies anti-tubulin (Abcam) and anti-rat fluorescein isothiocyanate (Jackson ImmunoResearch Laboratories, Inc.) as previously described (33) , except that formaldehyde fixation was overnight. Each cell cycle progression analysis by immunofluorescence against tubulin was repeated twice with similar results. Rad52-YFP, Mad2-GFP and tetR-GFP signals were detected in cells fixed with formaldehyde as described (34) . Microscope preparations were visualized with a Leica CTR6000 fluorescence microscope.
Western blot and chromatin fractionation
Yeast protein extracts--except for chromatin fractionation--were prepared using the trichloroacetic acid protocol as described (18) . For chromatin fractionation in Figure 5 , total, soluble and pellet (chromatin) proteins were isolated as previously detailed for young yeast cells (35) . Yeast proteins were run on an 8% (HA-Pds1, Brn1-Pk 9 and Pgk1), 6% (Myc-Top2 and Myc-Ubr1) or 15% (H4 and Pgk1) sodium dodecyl sulfate-polyacrilamyde gel. HAPds1, Myc-Top2, Myc-Ubr1, Pgk1, Brn1-Pk 9 and H4 were detected with the mouse monoclonal HA.11 (Covance), the mouse monoclonal 9E10 (Covance), the mouse polyclonal 22C5D8 (Invitrogen), the mouse monoclonal SV5-Pk1 (Serotec) and the rabbit polyclonal ab10158 (Abcam) antibodies, respectively. Peroxidase conjugate ( Figures 1D,  4B, 4D and 5B) and fluorophore conjugate (Supplementary Figures S1A and S4A ) secondary antibodies were used.
Chromatin immunoprecipitation analysis
Chromatin immunoprecipitation (ChIP) assays were performed as described (36) with the anti-Pk antibody SV5-Pk1 (Serotec) for Brn1-Pk 9 . Oligonucleotide sequences for the real-time PCR amplifications performed on purified DNA before (input; I) or after (immunoprecipitated; IP) immunoprecipitation are shown in Supplementary Table  S2 . Protein enrichment at each specific region was calculated as the ratio between the IP and the I in the tagged strain relative to the same ratio in the untagged strain. The average and SEM of three independent experiments are shown.
Chromosome decatenation analysis
Total DNA was extracted by standard protocols (37) . DNA samples were run in 0.8% TAE (40 mM Tris, 40 mM acetic acid, 1 mM EDTA) agarose gels for 19 h at 2 V/cm. Gels were blotted onto Hybond TM -XL membranes and hybridized with a 32 P-labeled URA3 fragment. All signals were quantified in a Fuji FLA5100 with the ImageGauge analysis program.
Chromatin analysis by MNase digestion
Nucleosome positioning was determined by micrococcal nuclease (MNaseI) digestion and indirect end-labeling as previously reported (18) . MNaseI-treated DNA was digested with ClaI, resolved in a 1.5% agarose gel, blotted onto a HybondTM-XL membrane and probed with a 246-bp 32 P-labeled PCR fragment located at 101 bp from the ClaI site.
RESULTS
Metaphase arrest by histone depletion is independent of the S phase checkpoints
Histone H4 depletion, which can be induced from regulatable promoters such as GAL1 or tet in a single-cell cycle (Supplementary Figure S1A ; (17, 18) ), causes an arrest in G2/M as determined by cell morphology--large budded cells with a single nucleus--and DNA content (18, 24) . Monitoring the nuclear and spindle morphologies in asynchronous cultures by DAPI (4' ,6'-diamidino-2-phenylindole) and immunofluorescence with antibodies against tubulin showed that histone loss in cells expressing H4 from the doxycycline-regulatable tet promoter (t::HHF2 mutants) led to an accumulation of cells in metaphase (Supplementary Figure S1B) .
A reduction in the amount of available histones causes the collapse and breakage of advancing replication forks, which are then rescued by recombination. Consequently, t::HHF2 cells are hyper-recombinant and accumulate markers of DNA damage checkpoint activation such as histone H2A phosphorylation and Ddc2 foci (17, 18) . Therefore, we first determined whether the S phase checkpoints were responsible for the delay in the anaphase onset. These checkpoints rely on the activation of the effector kinases Rad53 and Chk1 by the sensor Mec1 (38) . Analyses of cell cycle progression in cells synchronized in G1 and released into fresh medium under conditions of histone depletion showed that t::HHF2 cells remained arrested in metaphase in the absence of Rad53 and Chk1 ( Figure 1A and B). Accordingly, t::HHF2 viability was not affected by rad53Δ chk1Δ or mec1Δ (Supplementary Figure S2A) . Likewise, Mec1-dependent H2A phosphorylation was not required for cell cycle arrest in t::HHF2 (Supplementary Figure S2B) . We conclude that the mitotic arrest induced by nucleosome depletion is not mediated by the S phase checkpoints.
Nucleosome depletion activates the SAC
The SAC inhibits progression into anaphase if it detects unattached kinetochores or erroneous kinetochore- For this, cultures were synchronized in G1 and released under conditions of histone depletion into fresh medium containing 8 mM methionine, which switches off the MET3 promoter and arrests cells in metaphase through Cdc20 depletion. The DNA content profile for each sample is shown at the bottom. A total number of 100 cells were analyzed for each time point. The average and SEM of three independent experiments are shown. Three asterisks indicate a statistically significant difference according to a two-way Anova test (P-value <0.001). (C) Histone depletion alters the symmetry of the centromere relative to the SPBs in cells with a single cenIV-GFP dot but not in cells with two cenIV-GFP dots. This symmetry was determined as the ratio between the short and long distances from the centromere (detected as a cenIV-GFP dot) to each SPB (detected as two Spc42-Cherry dots) (left), and the frequency of cells in which the longest SPB-centromere distance is higher than the SPB-SPB distance (right). Three asterisks indicate a statistically significant difference according to a one-way Anova test (P-value <0.001). The analysis was performed in M::CDC20 and M::CDC20 G::HHF2 cells synchronized in G1 and released into fresh medium for 120 min following the growth conditions indicated in (B). A total number of 250 cells for each strain from two independent experiments were analyzed. Representative images for (B) and (C) are shown. microtubule attachments that compromise proper chromosome biorientation and segregation (39) . We addressed whether Mad2, an essential component of the SAC, is required for the mitotic arrest induced by histone depletion. Cell cycle analyses by DNA content and nuclear and spindle morphologies showed that the absence of Mad2 relieved the mitotic arrest ( Figure 1A and B and Supplementary Figure S2C) . A similar Mad2-dependent metaphase arrest was observed in chr-G::HHF1 cells, which express histone H4 under the control of the GAL1 promoter from the HHF1 locus (Supplementary Figure S2D) .
SAC activation occurs through targeting of the heterodimer Mad1/Mad2 to unattached kinetochores to catalyze the inactivation of Cdc20, a cofactor of the anaphasepromoting complex (APC). APC/Cdc20 promotes sister chromatid segregation and mitotic exit by ubiquitination and subsequent proteasome-dependent degradation of the mitotic cyclins and securin/Pds1, an inhibitor of separase/Esp1 that cleaves the cohesin complex holding sister chromatids together (39) . However, non-canonical activation of the SAC has been reported; for instance, in response to methyl-methane sulfonate (MMS), the DNA damage checkpoint-mediated arrest is reinforced by SAC independently of the kinetochore (40) . Also, a kinetochoreand Pds1-independent SAC pathway monitors the strand passage reaction of Top2 (41, 42) . To assess the relevance of the kinetochore in the mitotic arrest induced by histone loss, we used ndc10-1, a thermosensitive mutant of an essential component of the kinetochore (43) . At restrictive temperature, ndc10-1 cells do not form a functional kinetochore, and the spindle cannot pull the sister chromatids apart. Consequently, DNA replication in the next cell cycle duplicates the DNA content ( Figure 1C indicating that they progressed into the next cell cycle and that therefore the checkpoint was not activated. Thus, SAC activation by histone depletion requires a functional kinetochore. Next, we addressed Pds1 degradation in t::HHF2 cells. For this, G1-synchronyzed cells were released into fresh medium and treated with ␣-factor during G2/M to arrest them in the following G1 and prevent a second mitosis. As shown in Figure 1D , Pds1 was not degraded as long as cells remained in mitosis, suggesting that SAC activation proceeded through inhibition of Pds1 degradation. To further demonstrate this, we followed cell cycle progression by spindle morphology in the absence of Pds1; this experiment was performed at 23
• C because pds1Δ cells lack sufficient Esp1 in the nucleus at higher temperatures (44) . As shown in Figure 1E , the absence of Pds1 prevented t::HHF2 cells to arrest in metaphase. Altogether, these results indicate that histone depletion activates the SAC.
SAC activation by histone depletion requires Aurora/Ipl1 kinase and is associated with defective centromere biorientation
Unattached kinetochores are the primary signal to activate the SAC and can be followed by the formation of a Mad2-GFP focus (45) . If the interaction between microtubule and kinetochore were affected by histone depletion, we would expect t::HHF2 cells to be sensitive to microtubuledepolymerizing drugs such as benomyl and NCD. In contrast, t::HHF2 cells were resistant to benomyl (Figure 2A ; note that t::HHF2 displays a similar growth defect as compared with the wild type both with and without benomyl) and accumulated wild-type levels of Mad2-GFP foci in the presence of NCD ( Figure 2B ). Thus, histone depletion seems not to affect microtubule attachment to kinetochores. Intriguingly, Mad2-GFP foci were not detected in t::HHF2 in the absence of drug even though histone depletion activated the SAC in a kinetochore-dependent manner, suggesting that the binding of Mad2-GFP is transient.
Transient binding of Mad2 to vertebrate kinetochores occurs in response to lack of tension (46) . Thus, we studied whether SAC activation in t::HHF2 is due to a problem of tension at the kinetochore. Proper tension as a conse- Chromosome segregation was followed in cells harboring an array of tetO sites labeled with tetR-GFP at 1.4 kb from the centromere. Asynchronous wild-type and G::HHF2 cultures were shifted from 2% galactose to 0.05% galactose medium for 4 h, and the fate of chromosome IV was followed by fluorescence microscopy in anaphase cells (as determined by DAPI staining). The right panel shows images of proper (one dot in the mother and one dot in the bud) and incorrect (both dots in either the mother or the bud) chromosome segregation. A total of 90-100 cells were analyzed for each strain and experiment. The average and SEM of three independent experiments are shown.
quence of the attachment of the sister kinetochores to opposite spindle pole bodies (SPBs) (amphitelic attachments) leads to a separation of the centromeric chromatin during metaphase (centromere biorientation) that is essential for chromosome segregation. Therefore, defective attachments that do not generate enough tension (e.g. syntelic attachments, where both sister kinetochores attach microtubules from the same SPB) need to be corrected. This is carried out by Aurora/Ipl1, which destabilizes kinetochoremicrotubule interactions and generates unattached kinetochores that activate the SAC (25, 26) . We first assessed the relevance of Ipl1 in SAC activation by histone loss by using a thermosensitive ipl1-321 mutant. Analysis of cell cycle progression showed that the lack of Ipl1 activity at restrictive temperature prevents t::HHF2 cells to arrest in mitosis ( Figure 3A) . Centromere biorientation can be followed in strains with a green-fluorescence protein (GFP)-labeled centromere by the appearance in metaphase of two proximal foci ( Figure  3B , right) (47) . Thus, we used tetR-GFP expressing cells that harbor an array of tetO sites at 1.4 kb from the centromere of chromosome IV (CenIV-GFP) (34) . Since the presence of doxycycline prevents tetR-GFP from binding to tetO, the tet promoter expressing histone H4 in t::HHF2 was replaced with the GAL1 promoter in G::HHF2, to induce histone depletion by addition of glucose (Supplementary Figure S1A ; (24)). Additionally, and given that histone depletion activates the SAC, we induced a metaphase arrest by Cdc20 depletion to follow the kinetics of centromere biorientation under similar cell cycle conditions for the mutant and the wild type. Thus, synchronous cultures were first arrested in G1, where all cells displayed a single GFP Nucleic Acids Research, 2014, Vol. 42, No. 20 12477 dot, and then released in the presence of methionine to switch off the MET3 promoter that drives Cdc20 expression (M::CDC20). As shown in Figure 3B , cells displayed two closed GFP dots as they accumulated in metaphase. Notably, only ∼20% of the metaphase arrested G::HHF2 cells showed two dots as compared with the ∼50% detected in the wild type, indicating that histone depletion affects chromosome biorientation.
To further evaluate whether histone depletion-induced defective chromosome biorientation was associated with syntelic attachments, the distance between CenIV and each of the SPBs was measured in M::CDC20 and M::CDC20 G::HHF2 metaphase cells expressing both CenIV-GFP and the SPB protein Spc42 fused to Cherry. In accordance with previous results (48), we observed that histone depletion increased the length of the spindle, in particular in cells with a single CenIV-GFP dot (Supplementary Figure S3A) . As expected if histone depletion led to the formation of syntelic attachments, the ratio between the shorter and the longer CenIV-SPB distance was lower in the mutant than in the wild type for cells with a single CenIV-GFP dot, while it was similar for cells with two CenIV-GFP dots ( Figure 3C , left, and Supplementary Figure S3B ). In addition, the spindle length was shorter than the distance from the centromere to one of the SPBs in 13.3% of histone-depleted cells with a single CenIV-GFP dot ( Figure 3C , right). Altogether these results suggest that histone depletion gives rise to syntelic attachments.
Top2 and condensin are required for SAC activation in response to histone depletion
The assembly of DNA into chromatin provides a major source of topological constraints that demand the activity of topoisomerases during chromosome dynamics. In fact, Top2 binds preferentially to genes with low nucleosome density in histone-depleted cells (49) . Thus, we decided to assess the role of Top2 in SAC activation by histone loss. Since TOP2 is essential (50), we used a 'degron' allele of TOP2 that expresses a Top2 protein that can be rapidly degraded in the presence of doxycycline and galactose at 37 • C (6). Under these conditions Top2 expression from the tet promoter is repressed, and Top2 degradation is promoted by the E3 ubiquitin ligase Ubr1 expressed from the GAL1 promoter. This background forced us to replace the promoter expressing histone H4 with the MET25 promoter, which represses H4 in response to methionine (Supplementary Figure S1A ; strain M::HHF2). As shown for t::HHF2 and G::HHF2, M::HHF2 cells arrested in metaphase when histone expression was repressed with 100 M methionine ( Figure 4A ). We verified that Top2 was degraded in G1-arrested cells prior to their release into fresh medium under restrictive conditions ( Figure 4B) . As previously demonstrated, the lack of Top2 did not prevent progression through mitosis even though top2 td cells entered into the following cell cycle with an aberrant DNA content profile due to chromosome mis-segregation by defective sister chromatid decatenation ( Figure 4A ) (6) . Importantly, M::HHF2 top2 td progressed through the cell cycle as did top2 td , indicating that the absence of Top2 relieved the SAC-mediated arrest induced by histone depletion. As shown in Figure 4B , the expression of Top2 was not affected by histone depletion, indicating that the arrest was not due to increased levels of Top2 in the mutant.
Proper chromosome segregation depends on the accuracy of two processes that require Top2, namely, sister chromatid decatenation and chromosome condensation (4). These two processes also require condensin (5,8,51,52) . Thus, we addressed the relevance of Smc2, an essential component of condensin, in SAC activation by histone loss. Wild-type and t::HHF2 cells expressing either SMC2 or a thermosensitive smc2-8 allele were synchronized in G1 and released into fresh medium at restrictive temperature. In accordance with previous results (14) , smc2-8 cells arrested in metaphase at 37
• C ( Figure 4C ). Remarkably, t::HHF2 smc2-8 progressed faster through mitosis than the single mutants, indicating that condensin is required for SAC activation by histone depletion. As previously shown for Top2, SAC activation was not due to higher levels of condensin; indeed, histone depletion reduced the total amount of the condensin subunit Brn1 ( Figure 4D ). Likewise, suppression of the mitotic arrest by the absence of Top2 and condensin was not due to an increase in the levels of histone H4 ( Supplementary Figure S4A) . Therefore, Top2 and condensin are required for histone depletion-induced SAC activation.
Notably, a reduction of condensin activity in smc2-8 at permissive temperature alleviated the mitotic arrest and partially suppressed the growth defects associated with histone loss ( Figure 4E and Supplementary Figure S4B ). This suppression was not observed with other conditions that cause DNA damage; in fact, smc2-8 was sensitive to hydroxyurea (HU) and MMS and arrested in G2/M in response to HU (Supplementary Figure S4C and S4D) . These results suggest that condensin generates a chromosomal problem in histone-depleted cells that activates the SAC. Growth analyses could not be performed with top2 td because it is lethal at restrictive conditions; however, if Top2 causes a chromosomal problem detected by the SAC, t::HHF2 cells should be sensitive to high levels of Top2. Consistently, t::HHF2 cells transformed with a plasmid that increases Top2 by a factor of 10 (32) displayed growth defects ( Figure  4F ).
Although the SAC and not the S phase checkpoints arrests t::HHF2 cells, we cannot rule out the possibility that the SAC is activated by DNA damage in this mutant. We thereby tested if DNA damage induced by histone depletion depends on Top2 and/or condensin by following the accumulation of recombinogenic DNA damage (Rad52-YFP foci). Consistent with the fact that DNA damage by Top2 depletion requires cytokinesis (6), top2 td cells released into S phase without Top2 did not accumulate Rad52-YFP foci ( Figure 4G ). Importantly, Top2 was not responsible for DNA damage in t::HHF2, as evidenced by the accumulation of Rad52-YFP foci in t::HHF2 top2 td . When we analyzed the effect of condensin in Rad52-YFP foci, we observed that smc2-8 cells accumulated DNA damage even at permissive temperature, as previously shown for other condensin mutants (53) , and that this accumulation was maintained in t::HHF2 smc2-8 cells ( Figure 4H ). Thus, we cannot establish the relevance of condensin in the accumulation of DNA damage by histone loss. Nevertheless, the fact that smc2-8 suppresses the growth defects of t::HHF2 despite the cells accumulating DNA damage indicates that DNA damage does not activate the SAC in histone-depleted cells.
Defective centromeric chromatin structure by histone depletion depends on condensin
Histone depletion causes alterations at the centromeric chromatin which make DNA more accessible to the micrococcal nuclease (MNaseI), which cuts preferentially at nucleosome-free DNA (54) . These chromatin modifications might alter the occupancy/activity of condensin and Top2 thus impairing the tensile properties of the centromeric chromatin. An alternative but not mutually exclusive possibility is that condensin and Top2 might be required to modify the centromeric chromatin structure in cells with reduced levels of histones. To explore these possibilities, we first analyzed Brn1 binding to previously identified regions (55) . The results suggested that histone depletion causes a reduction in the amount of condensin bound at the pericentric chromatin but not at the ribosomal chromatin, even though the differences were not statistically significant ( Figure 5A ). Likewise, the total amount of Brn1 bound to chromatin was slightly reduced in the mutant as determined by chromatin fractionation (P lane; Figure 5B ).
Next, we analyzed the chromatin structure of CEN3 by MNaseI digestion and indirect-end labeling in mitotic cells ( Figure 5C ). While the lack of condensin activity in smc2-8 cells at restrictive temperature did not affect the chromatin structure of CEN3, histone depletion increased the accessibility of MNaseI to both the centromere DNA elements (CDEs I, II and III)--which are wrapped around an specialized nucleosome--and proximal DNA sequences (Figure 5C ; asterisks (54)). Remarkably, these nucleosome alterations were not detected in t::HHF2 smc2-8. Therefore, histone depletion by itself is not sufficient to alter the centromeric chromatin; condensin activity is required for histone depletion-induced chromatin alterations. This result suggests interplay between histone supply and condensin.
The SAC prevents chromosome mis-segregation by condensin-dependent defective decatenation in response to histone depletion As the biological aim of the checkpoints is to provide time to resolve chromosome-associated problems, the lack of a checkpoint may lead to a loss of viability. Accordingly, the absence of the heterodimer Mad1/Mad2 led to a loss of viability in t::HHF2 cells ( Figure 6A ). Likewise, t::HHF2 ndc10-1 and t::HHF2 ipl1-321 were lethal at semipermissive temperature ( Figure 6B and C) . Therefore, the SAC is required for t::HHF2 viability.
Cell growth analyses also showed that the lack of either the sensor Mec1 or the effectors Rad53 and Chk1 does not affect the viability of t::HHF2 mad2Δ cells (Supplementary Figure S5A and B) , indicating that the SAC is not masking a putative effect of the S phase checkpoints on histone depletion-dependent mitotic arrest.
As a major genetic consequence of defective SAC activation is chromosome mis-segregation, we followed the fate of CrIV in G::HHF2. To prevent a complete metaphase block by addition of glucose (24), wild-type and G::HHF2 cells were shifted from 2% galactose to 0.05% galactose for 4 h. Proper chromosome segregation led to anaphase cells with a dot in the mother and a dot in the bud, while chromosome mis-segregation led to anaphase cells with the two dots either in the mother or in the bud ( Figure 6D , right panel). Whereas chromosome IV mis-segregation in G::HHF2, mad2Δ and wild-type cells was barely detectable (<0.3%), it increased to 11.3% in G::HHF2 mad2Δ cells (Figure 6D ), indicating that SAC activation ensures proper chromosome segregation in response to histone depletion.
Next, we asked whether chromosome mis-segregation in t::HHF2 was due to defective sister chromatid decatenation. DNA unwinding during replication generates positive torsional stress ahead the fork, part of which is diffused across the replicated DNA by swiveling of the fork leading to the formation of intertwined sister chromatids (precatenanes). Resolution of precatenanes, which occurs right after DNA synthesis and during mitosis as sister chromatids move apart, is carried out by Top2 and condensin, and it is essential for proper chromosome segregation (5) (6) (7) (8) . Formation and resolution of precatenanes during cell cycle can be followed by studying the accumulation of the different intermediates of a centromeric plasmid (8) . Wild-type cells transiently accumulated different intermediates ( Figure 7A ; CI, CII and CIII), which represent catenated molecules as inferred by their accumulation in cells lacking Top2 (Supplementary Figure S6 ). Most plasmids were monomeric in G1-arrested t::HHF2 cells (rM and SC(-)M intermediates), indicating that most precatenanes were properly resolved under conditions of histone depletion (note that only a small fraction of catenated plasmids was detected as compared to the wild type, which might reflect minor resolution defects and/or incomplete synchronization; see fluorescenceactivated cell sorting profiles). However, the catenanes accumulated in t::HHF2 relative to the wild type during S and G2/M, suggesting that histone depletion impaired decatenation ( Figure 7A ). While Top2 rapidly resolves most precatenanes after their formation, a fraction remains until mitosis, during which condensins and spindle tension facilitate Top2 activity; accordingly, checkpoint activation prevents their resolution (5, 8) . Indeed, the entry into mitosis by lack of Mad2 reduced the fraction of catenanes at late times, but it did not affect the accumulation of early catenanes in t::HHF2 ( Figure 7B ). Next, we analyzed the role of condensins in the accumulation of these catenated plasmids, taking advantage of the fact that the effect of condensin inactivation is barely detectable in small plasmids (8) . As shown in Figure 7C , the accumulation of catenanes in t::HHF2 cells was suppressed by reducing the activity of condensins.
DISCUSSION
Here we show that histone depletion causes an unscheduled activation of the SAC by Top2 and condensins, as well as an accumulation of catenanes by condensins. Since catenanes accumulation in the absence of Top2 does not arrest yeast cells (6, 42) , it is unlikely that checkpoint activation results as a consequence of defective decatenation in histone-depleted cells. Instead, SAC activation is associated with problems of chromosome biorientation. Nevertheless, SAC activation provides time to resolve the problems generated by condensins on a nucleosome-depleted chromatin. Accordingly, a reduction of condensin activity partially rescues t::HHF2 growth defects ( Figure 4E ), while the lack of a functional SAC aggravates them as a consequence of chromosome missegregation ( Figure 6 ). It has been shown by genome-wide ChIP analyses that Top2 and condensin preferentially bind nucleosome-free DNA (49, 56) . Indeed, histone depletion increases Top2 binding to genes with low nucleosome density (49) . Unexpectedly, though, histone depletion does not increase condensin binding to pericentric chromatin ( Figure 5A ). Instead, altered chromatin structure at centromeres by histone depletion requires condensin ( Figure 5C ), indicating that a precise interplay between histone deposition and condensin/Top2 is necessary for centromeric chromatin structure, chromosome biorientation and precatenanes resolution.
Histone depletion causes Top2 and condensin-dependent SAC activation
Our results demonstrate that under conditions of histone depletion Top2 and condensin impair chromosome biorientation and activate the Ipl1-dependent branch of the SAC, which detects microtubule attachments that do not generate tension at the kinetochores (25, 26) . Top2 and condensin are enriched in the pericentric chromatin, where they work together with cohesins to form an intramolecular loop that protrudes ∼12.5 kb toward the spindle, leaving the kinetochore at its tip ( Figure 8A ) (10) (11) (12) (13) 57) . Importantly, Top2 and condensins are responsible for the axial compaction of this loop, as shown by an increase in spindle length . Condensin/Top2-dependent alterations of the pericentric chromatin might affect the geometry of the sister kinetochores leading to syntelic attachments (B). An accumulation of torsional stress at the pericentric chromatin might also contribute to SAC activation by either altering the geometry of the sister kinetochores (C) or overly tightening the intramolecular loop (D). All situations would leave the kinetochores close to the inner centromere and thereby to Ipl1, which would destabilize the attachments and activate the SAC.
and sister-centromere distance, and the stretching of LacOlabeled centromeric chromatin in metaphase cells defective in Top2 or condensin activity (12, 13) . This compaction provides the tensile properties of this molecular spring, generating the inward forces that counterbalance the pulling forces of the microtubules. In fact, chromatin has also been proposed to contribute to the biophysical properties of the intramolecular loop, as histone depletion also increased the distance between the centromeres without affecting the proportion of metaphase cells with two separated LacO-labeled centromeres (12, 48) . We notice that those results are in apparent contradiction with ours; however, they were performed with asynchronous cultures, and therefore the centromeres of the histone-depleted but not of the wild-type metaphase cells were tensioned by SAC activation. Indeed, a metaphase arrest increases the spindle length in wild-type cells (12) . In contrast, when the analysis was performed with both mutant and wild-type cells arrested in metaphase by CDC20 repression, histone depletion strongly reduced the number of metaphase cells with two separated LacOlabeled centromeres ( Figure 3B ), a defect in chromosome biorientation that is consistent with the requirement of Ipl1 for SAC activation ( Figure 3A ) and the accumulation of syntelic attachments ( Figure 3C ) in histone-depleted cells. How do condensin and Top2 activate the SAC under conditions of defective histone supply? Some chromatin mutants that activate the SAC build defective kinetochores and undergo chromosome mis-segregation (21) (22) (23) . In fact, reducing histone H4 levels affects the integrity of the kinetochores (48) , which is consistent with a loss of positioning/integrity of the nucleosome that interacts with the kinetochore at CEN3 ( Figure 5C ). However, this loss of kinetochore integrity is not observed by histone H3 depletion--likely because the centromere nucleosome contains the histone H3 variant Cse4--and yet causes a similar mitotic arrest (48) . Furthermore, histone-depleted cells neither are more sensitive nor display a higher activation of the SAC in response to drugs that inhibit microtubules polymerization (Figure 2) , suggesting that the interaction between kinetochore and microtubule is not affected.
Defective nucleosome organization by condensin under conditions of histone depletion could also alter the geometry of the pericentric chromatin and promote syntelic attachments ( Figure 8B ). Additionally, an excess of topological tension at the centromeric region could also contribute to SAC activation. Indeed, the fact that t::HHF2 smc2-8 progressed faster through mitosis than the single mutants ( Figure 4C and Supplementary Figure S4B) indicates not only that condensin is required for SAC activation by histone depletion, but also that histone depletion relieves the arrest mediated by loss of condensin activity. A simple explanation for this result is that histone depletion caused an excess of condensin activity. However, our ChIP analyses argue against this possibility, as we do not detect more condensin at the centromeres; indeed, it seems that histone depletion reduces condensin binding to chromatin ( Figure  5A and B), even though a more exhaustive analysis is required. Nevertheless, an excess of topological tension could also result from the loss of nucleosome integrity observed at the centromeric chromatin. In fact, the loss of nucleosome integrity by histone depletion increases plasmid superhelical density (18, 24) . Such excess of topological tension at the centromere might also alter the geometry of the pericentric chromatin in a way that favors syntelic attachments ( Figure 8C ). An alternative but not mutually exclusive possibility is related to the mechanism of action of Ipl1 during SAC activation. This mechanism is based on the proximity of Ipl1 (located at the inner centromere) to the outer kinetochore, which contains several targets of Ipl1. Ipl1-mediated phosphorylation of these substrates reduces microtubule-binding affinity. If the attachment is correct, the microtubules pull the kinetochore apart, and binding is stabilized; in contrast, if the attachment is erroneous and the tension is low, the kinetochore remains close to Ipl1, and binding is destabilized (39) . Given that the distance between Ipl1 and the kinetochore is essential for SAC activation, an excess of torsional stress might overly tighten the intramolecular loop and leave the kinetochores close to the inner centromere, even though the attachments were correct ( Figure 8D ).
Histone depletion causes condensin-dependent accumulation of catenanes
The absence of Top2 activity does not prevent nucleosome deposition in Xenopus egg extracts, indicating that nucleosomes can be accommodated into the precatenanes generated during DNA replication (58) . The authors of this study thus proposed that replication-coupled nucleosome deposition may facilitate chromatid decatenation by forcing the precatenanes nodes to adopt a 'hooked' DNA juxtaposition conformation, which is the preferred substrate for the DNA disentangling activity of Top2 (59, 60) . According to this hypothesis, defective nucleosome organization by condensin under conditions of histone depletion could alter DNA geometry behind the fork and interfere with Top2-mediated chromatid decatenation. Likewise, the excess of positive supercoiling that is associated with histone depletion (18, 24) might interfere with Top2 activity by affecting DNA geometry and thereby the resolution of catenanes. Baxter and Aragón have provided strong evidence for a model in which chromosome decatenation results from an exquisite interplay between the enzymatic activities of Top2 and condensin, with the positive supercoiling introduced by condensins and spindle tension as being necessary for catenanes resolution by Top2 (5, 51) .
In summary, our results reveal the importance of a correct supply of histones for the accuracy of condensin/Top2-mediated DNA processes. Specifically, we show that a precise interplay between histone deposition and condensin is required for pericentric chromatin structure, precatenanes resolution and centromere biorientation. An attractive possibility that we are currently evaluating is that this interplay modulated global chromatin structure and chromosome condensation. Finally, we anticipate that defects in chromosome dynamics and cell cycle progression may be particularly severe during physiological processes such as the replicative aging, which strongly reduce the density of nucleosomes (35, 61) .
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